Considering the results of recent research, it is possible to state that the problem of thermal stability of electrical parameters of silicon is very important in the context of eciency of commonly used photovoltaic cells. Subsequent investigations conrmed that the eciency of photovoltaic cells is strongly inuenced by active defects of silicon crystal lattice. Those defects, arising in the process of photovoltaic cells base material preparation, are responsible for changes in the values of conductivity and activation energy of the tested material. Taking this into consideration, it is reasonable to carry out research oriented at experimental verication of the inuence of both operating temperature on the electrical parameters of silicon and annealing temperature on the distribution of radiation defects in the silicon substrate used in the production of photovoltaic cells. The main purpose of this work is a comparative analysis of dependences of electrical parameters of silicon on temperature. The article presents the results of the research on resistivity and capacity of silicon samples (doped with boron and phosphorus) whose structure was modied by the ion implantation process.
Introduction
The problem of modifying properties of semiconductor materials, which are basically used in the process of photovoltaic (PV) modules production, in order to provide maximum eciency of solar cells has been the subject of discussion in many scientic publications and investigations [16] . Summarizing the results of performed experiments, the authors emphasized signicant inuence of temperature on the crucial operating parameters of solar cells. In addition, the research described in [7] showed that the eciency of PV cells substantially depends on the level of solar radiation and resistance of the substrate material of which the cell is constructed. Simultaneously, in [7, 8] , it was conrmed that along with the increase of the operating temperature of a PV cell, it is possible to observe a signicant decrease in the values of indicators determining the quality of the considered PV cell such as open-circuit voltage, maximum power, ll factor and eciency.
Considering the process of solar energy conversion into electricity in terms of the number of generated electric charge carriers, it is noticeable that the character of phenomena observed by the authors of [18] is strongly connected with electrical properties of the substrate material of PV cell and the form of its internal structure. Additionally, the paper [8] presents the results of the research which indicate that, among common materials used for production of PV cells, monocrystalline silicon has the highest maximum conversion eciency. Furthermore, in Ref. [6] it was emphasized that the charge carrier lifetime τ distribution and the length of diusion in * corresponding author; e-mail: p.wegierek@pollub.pl the silicon structure L D are important from the point of view of photoconversion eciency. The authors of the monograph showed that the eciency of PV cells is strongly inuenced by active defects in silicon crystal lattice. Those defects, arising in the process of PV cells base material preparation, are responsible for changes in the conductivity and activation energy of the tested material. Moreover, it was underlined that it is possible to control the process of radiation defects formation during ion implantation of silicon.
Taking into consideration the results of the research presented above, it could be concluded that solving the problem of thermal stability of electrical properties of silicon is essential to ensure higher eciency of commonly used solar cells. Therefore, it is reasonable to conduct research directed at experimental verication of the inuence of operating temperature on the electrical parameters of silicon as well as that of annealing temperature on the distribution of radiation defects in silicon substrates used in the production of PV cells.
Experiment
The main purpose of the performed experiment was to determine optimal implantation and post-implantation treatment conditions in order to achieve maximum stability of the measured values of resistivity ρ and capacity C in the function of the operating temperature T p and annealing temperature T a . As the object of research, six samples of silicon have been chosen. Samples number 1, 3 and 5 were silicon doped with boron of the resistivity ρ = 0.07, 10, and 0.01 Ω cm, respectively. Samples number 2 and 4 were the silicon doped with phosphorus of the resistivity ρ = 0.25 Ω cm and 10 Ω cm, respectively. Sample number 6 was the silicon doped with antimony of the resistivity ρ = 0.01 Ω cm. The tested samples were subjected to implantation of Ne + ions of energy (943) P. W¦gierek, P. Billewicz E = 100 keV and uence D = 2.2×10 14 cm −2 (samples 1 and 2) and 1.5 × 10 14 cm −2 (samples 36). The measurements were performed in the operating temperature range from 173 K to 373 K. During the experiment the samples were isochronously annealed for 15 min, within the range of annealing temperatures T a up to 873 K, with the average increments of (30 ÷ 50) K. The initial sample parameters as well as implantation conditions and annealing temperature were determined on the basis of previously carried out research, described in [9, 10] .
Analysis of the obtained results
In the rst stage of recorded results analysis, the temperature dependence of resistivity was plotted for all tested samples in the unannealed state (Fig. 1) . On this basis it was possible to specify which samples have the best thermal stability of resistivity rate directly after ion implantation. In Fig. 1 it can be seen that samples 5 and 6 are characterized by the least amplitude of resistivity values uctuations within the temperature range (170÷300) K. Moreover, resistivity recorded for sample 3 also varies within one order of magnitude. For that reason those samples were chosen for further analysis, however, subsequent dependences refer to samples 3 and 5 in order to eliminate inuence of the kind of dopant. The second stage of analysis covered determination of the degree of inuence of annealing temperature on stability of resistivity and capacity values of chosen samples. For sample 3 (Fig. 2) , which was boron-doped silicon of ρ = 10 Ω cm, it can be seen that an increase in the testing temperature T p causes dierent changes in the ρ values, depending on the annealing temperature. In particular, for the annealing temperatures 423, 523, 623, and 723 K resistivity ranges from 10
11 Ω cm to 10 14 Ω cm and is reduced by two to ve orders of magnitude, respectively, with the increase in T p . However, it is noticeable that for T a the values of 448 K and 473 K sample resistivity is actually not inuenced by testing temperature in the whole considered T p range. It also needs to be emphasized that ρ values recorded for those two cases are much lower than for the rest of plots and equal 10
4 Ω cm. This leads to the conclusion that ion implantation caused a signicant increase in the value of tested sample resistivity from 10 Ω cm before implantation to (10 10 ÷ 10 11 ) Ω cm directly after implantation, whereas post-implantation annealing at 448 K and 473 K reduced it substantially by seven orders of magnitude and ensured its thermal stability under dierent operating conditions. A similar tendency can be observed for sample 5, which was boron-doped silicon of ρ = 0.01 Ω cm (Fig. 3) . As it can be seen, annealing the implanted sample at 423 K and 448 K eliminates the inuence of operating temperature on resistivity and stabilizes its value at the same level of 10
4 Ω cm, whereas annealing at higher temperatures up to 823 K does not induce such tendency.
Considering capacity dependences on the testing temperature T p for samples 3 and 5, it is possible to observe that the recorded plots consequently conrm thermal stability after annealing at T a (Figs. 4, 5 ). For sample 3 capacity stabilizes at the level of 10 −5 F when annealed at 448 K and 473 K, whereas for sample 5 the same situation occurs at 423 K and 448 K.
Conclusions
Comparative analysis of the temperature dependences presented above, plotted for the ion-implanted silicon samples, was aimed at evaluating ion implantation conditions as well as the implanted sample parameters in the way that ensures high thermal stability rate in the considered range of operating temperatures T p . As a result, it was concluded that in silicon doped with boron, defected by the process of ion implantation and annealed in the temperature range 423÷473 K thermal stability of resistivity and capacity was observed. This proves that it is possible to choose such parameters of ion implantation and post-implantation processes that will allow to produce silicon material whose electric parameters are stable at the predetermined level under the changing thermal conditions. The experiments performed and described in our previous papers were focused on optimizing implantation parameters in order to obtain high resistivity regions in silicon substrates which could be applied in the process of integrated circuits vertical isolation production. However, this paper begins a new cycle of research whose main purpose is to nd such silicon sample conguration and implantation parameters that will allow to produce low-resistivity, monocrystalline silicon substrate characterized by signicantly high thermal stability of resistivity. Outcomes of the started research could be used in the photovoltaic cells production industry, resulting in introducing improved PV modules whose operating parameters, e.g. nominal power or eciency, are not affected by the outside temperature.
